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HIGHLIGHTS 


►  PtMnCuX/C  (X  =  Fe,  Co,  Ni,  and  Sn)  alloys  have  been  synthetized  and  characterized. 

►  PtMnMoX/C  (X  =  Fe,  Co,  Ni,  Cu  and  Sn)  alloys  have  been  synthesized  and  characterized. 

►  All  quaternary  alloys  showed  superior  activity  towards  ethanol  oxidation. 

►  All  quaternary  alloys  illustrated  a  facilitated  oxidation  of  ethanol. 
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In  this  account,  two  series  of  quaternary  PtMnCuX/C  (X  =  Fe,  Co,  Ni,  and  Sn)  and  PtMnMoX/C  (X  =  Fe,  Co, 
Ni,  Cu  and  Sn)  alloys  catalysts  have  been  synthesized  and  characterized  by  ICP,  XRD,  XPS,  TEM  and  cyclic 
voltammetry.  XRD  spectra  of  each  series  illustrated  that  PtMnCuX/C  (X  =  Fe,  Co  and  Ni)  and  PtMnMoX/C 
(X  =  Fe,  Co,  Ni  and  Cu)  alloys  have  been  formed  without  significant  free  Mn,  Cu,  Mo  or  X  co-catalysts.  For 
PtMnCuSn/C  and  PtMnMoSn/C,  in  addition  to  alloy  formation,  significant  free  Sn-oxides  are  present  in 
each  catalyst.  Cyclic  voltammetry  and  chronoamperometry  revealed  that  all  quaternary  showed  superior 
electrocatalytic  activity  towards  ethanol  oxidation  compared  to  the  ternary  precursor.  Also,  shift  of  the 
onset  potential  of  ethanol  oxidation  towards  less  positive  values  were  also  recorded  with  the  quaternary 
alloys,  demonstrating  a  facilitated  oxidation  with  the  quaternary  alloys  compared  to  ternary  alloy 
precursor.  The  magnitude  of  the  gain  in  potential  depend  on  the  alloy  composition  and  PtMnMoSn/C  was 
found  to  be  the  best  of  all  synthetized  quaternary  alloys  with  an  onset  potential  of  ethanol  oxidation  of 
only  0.059  V  vs.  Ag/AgCl. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  advantages  of  using  fuel  cells  for  the  production  of  elec¬ 
tricity  in  clean,  silent  and  efficient  way  have  been  demonstrated 
[1-4].  Direct  ethanol  fuel  cells  (DEFCs)  are  considered  among  the 
most  promising  power  devices  because  of  their  numerous 
advantages  including  less  complex  fuel  storage  systems  compared 
to  hydrogen  fuel  cells,  low  operating  temperatures  and  easy 
handling.  Furthermore,  ethanol  fuel  with  a  high  energy  density 
and  low  toxicity  can  directly  be  produced  from  the  fermentation  of 
biomass. 


*  Corresponding  author.  Tel.:  +1  905  721  8668x2936;  fax:  +1  905  721  3304. 
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Although  DEFCs  are  good  alternative  power  sources,  their 
performance  needs  to  be  improved  in  order  to  make  them  suitable 
for  many  applications  [5-7].  Carbon  supported  platinum  (Pt)  is 
commonly  used  as  a  catalyst  in  low  temperature  fuel  cells. 
However,  pure  Pt  is  not  an  efficient  anodic  catalyst  for  DEFCs 
because  Pt  is  well  known  to  rapidly  become  poisoned  on  its  surface 
by  strongly  adsorbed  species  such  as  CO  that  are  formed  by  the 
initial  dehydrogenation  of  the  alcohol  molecules,  hence  leading  to 
substantial  losses  in  operation  potentials  [8,9].  Due  to  the  low 
electrocatalytic  activity  of  pure  Pt  for  practical  DEFCs,  elements 
such  as  Ru,  Sn,  Pd,  W,  Sn,  Cu  and  Au  have  been  added  to  form  binary 
and  ternary  alloys  to  promote  the  electroactivity  towards  ethanol 
oxidation  [10-21].  Furthermore,  recent  reports  suggested  that 
incorporation  of  a  fourth  metal  to  form  quaternary  alloys  electro¬ 
catalysts  such  as  PtRuMoW  [22],  PtRuCoW  [23]  and  NiZrPtRu  [24] 
can  further  increase  the  activity  towards  alcohol  oxidation. 
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Although  the  reasons  for  enhanced  activity  with  Pt-alloy  catalysts 
for  alcohol  oxidation  are  not  yet  fully  understood,  several  studies 
suggest  that  is  generally  due  to  the  ability  of  the  promoter  metal  to 
generate  the  oxygenated  species  necessary  for  the  complete 
oxidation  of  the  alcohol  at  lower  potentials  [25].  On  the  other  hand, 
removal  of  poisoning  species  adsorbed  onto  the  catalyst  surface  has 
also  been  pointed  out  to  be  part  of  the  mechanism  [25].  Further¬ 
more,  the  electronic  effects  have  also  been  attributed  to  the  pres¬ 
ence  of  the  other  metal  which  weakens  the  bond  between  the 
poisoning  species  and  the  catalyst  surface  [26]. 

We  have  recently  reported  the  synthesis,  characterization  and 
the  catalytic  activity  of  binary  PtMn/C  and  ternary  PtMnX/C  (X  =  Fe, 
Co,  Ni,  Cu,  Mo  and,  Sn)  alloys  catalysts  and  found  that  compared  to 
Pt/C  and  PtMn/C,  overall  the  ternary  alloys  catalysts  exhibited  higher 
catalytic  activities  towards  ethanol  oxidation  [27,28].  The  two  best 
ternary  alloys  we  identified  were  PtMnCu/C  and  PtMnMo/C,  which 
illustrated  the  highest  catalytic  activity  towards  ethanol  oxidation  in 
terms  of  catalytic  current  and  onset  potential.  In  this  study,  based  on 
these  best  ternary  alloys,  we  have  synthesized  two  series  of 
quaternary  alloys  PtMnCuX/C  (X  =  Fe,  Co,  Ni,  and  Sn)  and  PtMnMoX/ 
C  (X  =  Fe,  Co,  Ni,  Cu  and  Sn).  These  new  alloys  have  been  charac¬ 
terized  by  ICP,  XRD,  XPS,  TEM  and  cyclic  voltammetry.  Their  catalytic 
activities  towards  ethanol  oxidation  were  determined  and 
compared  to  the  catalysts  precursors  Pt/C,  PtMn/C  and  ternary 
PtMnCu/C  and  PtMnMo/C. 

2.  Experimental 

2.1.  Materials 

PtMn(19:81)/C,  PtMnCu(  17:43 :40)/C  and  PtMnMo(  17:61:22) 
were  synthetized  as  previously  reported  [27,28].  For  PtMn(19;81)/ 
C,  H2PtCl6.6H20  (Aldrich)  and  MnCl2.2H20  (Aldrich)  at  the  ratio  of 
(23:77)  were  mixed  in  ultrapure  water  (milliQ,  18.2  MQcm).  After 
15  min  of  constant  stirring  Vulcan  XC72R  carbon  black  (Cabot)  was 
added  to  the  solution  in  an  amount  to  give  a  total  metal  content  of 
20  wt%.  PtMn  nanoparticles  supported  on  carbon  were  formed  by 
reduction  of  the  metal  precursors  with  NaBH4,  which  was  added  as 
a  solid  to  the  mixture  in  a  weight  ratio  of  3:1  to  metals.  The 
resulting  mixture  was  then  left  under  constant  stirring  over  night 
and  the  formed  supported  catalysts  were  collected  via  suction 
filtration,  washed  thoroughly  with  ultrapure  water,  ethanol  and 
acetone  and  finally  dried  over  night  at  80  °C.  The  ternary  alloy 
catalysts  PtMnCu(  17:43 :40)/C  and  PtMnMo/C(  17:61 :22)/C  were 
synthesized  by  using  the  same  procedure  by  replacing  20%  (w/w)  of 
MnCl2.2FI20  (Aldrich)  by  respectively  CuC12.2FI20  (Sigma-Aldrich) 
and  (NH4)2Mo04  (Aldrich)  as  previously  reported  [28].  The 
quaternary  alloys  were  also  formed  following  the  same  procedure 
by  replacing  10%  (w/w)  of  CuC12.2H20  (Sigma-Aldrich)in  PtMnCu/C 
by  FeCl3.6H20  (Gelest  Inc.),  Co(N03)2.6H20  (Sigma-Aldrich),  NiCl2 
(Fluka),  or  SnCl2  (Aldrich)  and,  10%  (w/w)  of  (NH4)2Mo04  in 
PtMnMo/C  by  FeCl3.6H20  (Gelest  Inc.),  Co(N03)2.6H20 
(Sigma-Aldrich),  NiCl2  (Fluka),  CuC12.2H20  (Sigma-Aldrich)  or 
SnCl2  (Aldrich). 

2.2.  Materials  characterization 

Inductively  Coupled  Plasma  Optical  Emission  Spectrometry 
(ICP-OES)  was  utilized  for  quantitative  determination  of  metal 
content  in  the  catalysts.  5  mg  of  each  catalyst  was  dissolved  in  nitric 
acid  (>70%)  and  left  to  dissolve  for  at  least  1  week.  Afterwards,  the 
solutions  were  filtered  off  in  order  to  separate  the  supporting 
carbon  from  the  solution  and  yield  a  clear  solution  for  ICP-OES 
analyses.  Standardization  was  performed  with  three  Pt,  Mn,  Fe, 
Co,  Ni,  Cu,  Mo,  and,  Sn  solutions  ranging  from  approximately 


1-20  ppm.  These  standards  contained  approximately  2%  nitric  acid 
to  ensure  the  complete  dissolution  and  keep  both  sample  and 
standard  matrices  equivalent. 

Energy  Dispersive  X-ray  Spectroscopy  (EDX)  was  used  for 
a  rapid,  non-destructive  determination  of  catalyst  composition. 
EDX  spectra  were  acquired  using  a  JEOL  JSM-7000F  field  emission 
scanning  electron  microscope  equipped  with  an  Oxford  Systems 
INCA  X-ray  microanalyser. 

Power  X-ray  diffraction  (XRD)  patterns  were  obtained  using 
Bruker  D8  Advance  powder  X-ray  diffractometer,  with  germanium 
monochromator,  Cu  Kai  radiation.  The  average  grain  size  was 
determined  from  the  broadening  of  the  Pt(lll)  peak  using  the 
Scherrer  equation. 


30  40  50  60  70 


2  Theta 

Fig.  1.  X-ray  diffractograms  of  Pt/C,  PtMn/C  and  ternary  alloys  PtMnCu/C  and  PtMnMo/C 
and  their  corresponding  series  of  quaternary  alloys  PtMnCuX/C  (X  =  Fe,  Co,  Ni,  and  Sn) 
and  PtMnMoX/C  (X  =  Fe,  Co,  Ni,  Cu  and  Sn)  catalysts. 
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Fig.  2.  XPS  of  Pt-4f  (A),  Mn-2p  (B),  Cu-2p  (C)  and  Co-2p  (D)  of  PtMnCuCo/C  catalyst. 
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Fig.  3.  XPS  of  Pt-4f  (A),  Mn-2p  (B),  Mo-3d  (C)  and  Sn-3d  (D)  of  PtMnMoSn/C  catalyst. 
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X-ray  photoelectron  spectroscopy  (XPS)  was  carried  out  using 
a  Kratos  Axis  Ultra  X-ray  photoelectron  spectrometer.  Samples 
were  dispersed  in  a  mixture  of  ethanol  and  ultrapure  water  (50:50), 
deposited  on  silicon  wafer  supports  and  oven  dried  then  analyzed. 

Transmission  Electron  Microscopy  (TEM)  images  were  acquired 
using  a  Philips  CM  10  instrument  equipped  with  an  AMT  digital 
camera  system.  The  catalysts  powders  were  dispersed  in  ultrapure 
water  and  applied  to  nickel  400  mesh  formvar  coated  carbon 
reinforced  grids  and  allowed  to  dry  under  air.  Grids  were  then 
scanned  in  a  Philips  CM  10  TEM  at  100  kV. 

2.3.  Electrochemical  characterization 

The  electrocatalytic  activity  of  the  catalysts  towards  ethanol 
oxidation  was  measured  through  the  preparation  of  electrode  inks, 
which  were  prepared  as  follows:  11  mg  of  the  synthesized  elec¬ 
trocatalyst  was  dispersed  in  500  pL  of  a  mixture  of  ultrapure  water 
and  2-propanol  (1:1  by  volume)  and  the  suspension  was  stirred  in 
an  ultrasonic  bath  for  15  min.  5  pL  of  the  catalysts  ink  was  immo¬ 
bilized  onto  the  surface  of  a  glassy  carbon  (GC)  electrode 
(daim.  =  3  mm,  CH  Instruments)  and  dried  at  80  °C  for  20  min. 
Afterwards,  5  pL  Nation  (5%  in  alcohols,  Ion  Power)  was  deposited 
on  top  of  each  surface  and  dried  again  in  the  oven  at  80  °C  for 
10  min.  The  Nation  deposition  layer  prevents  the  catalyst  deposited 
layer  from  peeling  of  the  GC  electrode.  Prior  to  use,  the  GC  elec¬ 
trodes  were  first  polished  with  6,  3  and  1  pm  alumina  then  abun¬ 
dantly  rinsed  with  ultrapure  water  and  acetone.  The  final  loading  of 
metal  catalysts  on  each  electrode  was  0.30  ±  0.03  mg  cm-2. 

All  electrochemical  measurements  were  performed  using 
a  Solartron  SI  1286  potentiostat  controlled  using  Corrware  software 
(Scribner  Associates).  A  three-compartment  electrochemical  cell 
was  used.  The  side  arms  contained  a  Ag/AgCl  reference  electrode 
and  a  platinum  counter  electrode.  Measurements  were  made  at 
room  temperature  using  either  N2-purged  0.5  M  H2SO4  (aq)  or  N2- 
purged  0.5  M  H2S04  containing  0.17  M  ethanol. 

Some  of  the  electrochemical  data  were  normalized  to  the  elec¬ 
trochemical  active  surface  area  of  Pt  (in  cm2)  that  is  determined 
from  the  charge  density  qpt  (C  cm-2  electrode)  obtained  from  the 
cyclic  voltammetry  experiment  of  Fig.  4  divided  on  the  charge 
required  to  reduce  a  monolayer  of  protons  on  Pt(T  =  21 0pC/cm^t). 

ECSA(cmpt)  =  qPt/r 


3.  Results  and  discussion 

3.1.  Materials  characterization 

3.1.1.  ICP  analyses 

Table  1  gathers  the  calculated  molar  ratios  used  for  the  synthesis 
of  the  two  series  of  quaternary  alloys  with  respect  to  ternary,  binary 
and  Pt/C  precursors  and  the  corresponding  atomic  ratios  deter¬ 
mined  by  ICP  as  well  as  the  average  grain  size  of  each  catalyst 
estimated  from  the  XRD  measurements.  For  both  quaternary  alloys 
catalysts  PtMnCuX/C  (X  =  Fe,  Co,  Ni,  and  Sn)  and  PtMnMoX/C 
(X  =  Fe,  Co,  Ni,  Cu  and  Sn),  a  difference  between  the  calculated 
values  used  during  the  synthesis  and  the  determined  values  using 
ICP  can  be  noticed  and  this  difference  is  overall  more  pronounced 
for  quaternary  catalysts  based  Mo  than  Cu.  The  latter  has  to  be 
expected  since  during  the  reaction  with  NaBH4,  the  mixed  metal 
cations  (Pt4+,  Mn2+  and  Xn+)  can  partially  or  entirely  react  during 
the  reduction  process  to  form  the  alloyed  nanoparticles.  The  latter 
depends  on  several  parameters  including  the  concentration  of  the 
reactants  (metal  cations  and  reducing  agent),  nature  of  the 
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Fig.  4.  Cyclic  voltammetry  curves  in  0.5  M  H2SO4  at  20  mV  s-1  of  PtMn/C,  PtMnCu/C 
and  PtMnCuX/C  (X  =  Fe,  Co,  Ni,  and  Sn)  (A)  and  PtMnMoX/C  (X  =  Fe,  Co,  Ni,  Cu  and  Sn) 
catalysts  (B). 


reactants  (metal  cations),  the  reaction  conditions  such  as  temper¬ 
ature,  pH,  hydrodynamic  agitation  and  more  importantly  of  the 
ionization  energy  or  potential  of  the  metal  cations  [29,30].  The 
latter  may  influence  the  kinetics  of  the  reduction  reaction  and 
formation  of  the  alloyed  nanoparticles.  Similar  differences  between 
the  utilized  and  the  determined  ratios  of  the  metal  co-catalysts 
have  also  been  noticed  in  literature  [31,33].  EDX  was  performed 
on  some  of  the  catalysts  revealed  similar  values  as  those  deter¬ 
mined  by  ICP.  Also  that  carbon  is  the  dominant  element  in  the 
composition  with  about  80%  by  weight,  which  confirms  the  amount 
of  the  experimentally  employed  carbon  during  the  synthesis  of  the 
catalysts. 
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Table  1 

Calculated  molar  ratios  and  measured  atomic  ratios  by  ICP  of  the  synthesized  Pt/C,  PtMn/C,  PtMnCu/C,  PtMnMo/C  and  quaternary  alloys  PtMnCuX/C  (X  =  Fe,  Co,  Ni,  and  Sn)  and 
PtMnMoX/C  (X  =  Fe,  Co,  Ni,  Cu  and  Sn).  Also  is  shown  the  average  grain  size  calculated  from  X-ray  diffraction  data  using  the  Debye— Scherrer  equation. 


Electrocatalysts  Molar  ratios  used  for  the  Molar  ratios  measured  by  ICP  Molar  ratios  measured  by  XPS  Grain  size  (nm  ±  0.5) 
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3A.2.  X-ray  diffraction  pattern 

Fig.  1  illustrates  the  X-ray  diffractograms  of  the  two  synthetized 
series  of  quaternary  alloys  PtMnCuX/C  (X  =  Fe,  Co,  Ni,  and  Sn) 
(Fig.  1A)  and  PtMnMoX/C  (X  =  Fe,  Co,  Ni,  Cu  and  Sn)  (Fig.  IB)  along 
with  the  respective  ternary  alloys  precursors  PtMnCu/C  and 
PtMnMo/C  as  well  as  PtMn/C  and  Pt/C.  It  can  be  seen  that  Pt/C 
electrocatalyst  displays  three  main  Bragg  peaks  located  at  scat¬ 
tering  angles  of  ca.  40°,  46°  and  67°,  which  are  characteristic  of  the 


Potential/  V(Ag/AgC  I) 


Potential  /  V  (Ag/AgCI) 


fee  structure  of  platinum  [19,21].  The  diffractograms  of  the  binary 
alloy  PtMn/C  display  some  changes  in  the  form  and  shape  of  these 
peaks  as  previously  discussed  [27].  Incorporation  of  a  third  metal 
Cu  or  Mo  in  PtMn/C  catalyst  leads  to  a  more  pronounced  change  in 
the  form  and  position  of  the  Pt  peaks  [28].  Overall,  the  peaks 
become  broader  and  display  a  shift  towards  higher  angles.  Addition 
of  a  fourth  metal  in  PtMnCu/C  and  PtMnMo/C  leads  to  further 
changes  in  the  Pt  main  peaks.  Moreover,  Fig.  1  clearly  displays  that 


Potential /V(Ag/AgCI) 


Fig.  5.  Comparison  between  the  3rd,  100,  200,  300  and  400th  cycle  in  0.5  M  H2S04  at  50  mV  s  1  of  PtMnCuNi/C  (A),  PtMnMoSn/C  (B),  PtMnMoCo/C  (C)  and  PtMnMoCu/C  (D). 
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the  changes  in  the  three  main  peaks  of  Pt  are  more  visible  for  Cu 
containing  alloys.  This  may  suggest  that  Cu  based  alloys  contain 
some  free  Cu  co-catalyst.  However,  according  to  literature,  XRD 
spectra  of  Cu  contain  a  large  peak  at  scattering  angle  of  51°  [34], 
which  unlikely  is  absent  in  the  Cu-based  catalysts  of  Fig.  1.  There¬ 
fore,  the  visible  change  in  shape  and  position  of  the  main  Pt  peaks 
observed  with  Cu-containing  catalysts  might  be  related  to  forma¬ 
tion  of  alloys  and  since  Cu-containing  catalysts  showed  the  smallest 
grain  sizes  (Table  1 ),  this  may  in  part  explain  the  observed  signifi¬ 
cant  widening  of  the  peaks,  demonstrating  the  formation  of  alloys. 
The  latter  can  further  be  confirmed  by  analyzing  the  XRD  data 
shown  in  Table  SI  of  the  supplementary  information.  It  should  be 
noted  that  incorporation  of  the  co-catalysts  in  the  Pt  lattice  overall 
decreases  the  d  spacing.  This  is  understandable  because  all  the 
employed  co-catalysts  Mn,  Cu,  Mo,  Fe,  Co,  Ni  and  Sn  have  smaller 
atomic  sizes  than  that  of  Pt,  thus  their  incorporations  in  the  Pt 
lattice  to  form  the  alloys  will  lead  to  a  decrease  in  the  cell  lattice  or 
d  spacing.  On  the  other  hand,  while  no  particular  significant  new 
peaks  appear  at  other  angles  for  the  two  series  of  quaternary  alloys 
based  PtMnCuX/C  (X  =  Fe,  Co  and  Ni)  (Fig.  1A)  and  PtMnMoX/C 
(X  =  Fe,  Co,  Ni  and  Cu),  which  indicate  the  absence  of  a  high  amount 
of  free  co-catalyst  oxides  [35,42],  and  demonstrating  in  part  the 
incorporation  of  the  metals  co-catalysts  into  the  Pt  lattice  to  form 
intermetallic  phases,  both  PtMnCuSn/C  and  PtMnMoSn/C  display 
visible  other  peaks  located  between  the  main  Pt  peaks.  This 
suggests  that  in  addition  to  formation  of  the  alloyed  PtMnCuSn/C 
and  PtMnMoSn/C  nanoparticles,  a  significant  amount  of  free  Sn  and 
Sn  oxides  such  as  SnCb  and  SnO  are  formed  [43-45].  It  is  worth 


noting  that  similar  observations  were  reported  previously  with  the 
ternary  alloy  PtMnSn/C.  These  repetitive  observations  might  be 
related  to  the  synthetic  method  used  in  these  studies.  NaBH4  is 
a  strong  reducing  agent  and  under  these  conditions;  the  reduction 
of  Sn  into  oxides  is  much  more  favorable  compared  to  the  other 
elements.  The  latter  is  reflected  in  the  particles  sizes  shown  in 
Table  1  where  it  can  be  seen  that  all  the  catalysts  display  one  cubic 
phase  assigned  to  fee  of  Pt  with  an  average  grain  size  varying  from 
3—8  nm,  PtMnCuSn/C  and  PtMnMoSn/C  display  an  additional 
tetragonal  phase  with  larger  grain  sizes  of  17  nm  and  26  nm, 
respectively.  The  latter  could  be  assigned  to  Sn02  and  SnO  oxides 
[43]. 

3.1.3.  XPS  characterization 

In  order  to  confirm  the  presence  of  all  elements  in  the  quater¬ 
nary  alloyed  nanoparticles  as  well  as  possible  electronic  effects  of 
the  co-catalysts,  some  of  the  catalysts  have  been  analyzed  by  XPS. 
Figs.  2  and  3  illustrate  typical  examples  of  XPS  analysis  of 
PtMnCuCo/C  and  PtMnMoSn/C,  respectively.  The  presence  of  Pt, 
Mn,  Mo  and  Sn  in  PtMnMoSn/C  and  Pt,  Mn,  Cu  and  Co  in  PtMnCuCo / 
C  with  significant  intensities  that  is  located  at  the  appropriate 
binding  energies  of  the  co-catalysts,  confirming  that  quaternary 
alloyed  nanoparticles  are  formed.  Furthermore,  quantitative  anal¬ 
yses  of  the  XPS  data  revealed  different  compositions  from  that 
determined  by  ICP  (Table  1 ).  This  indicates  that  the  composition  of 
the  quaternary  alloyed  nanoparticles  at  the  surface  differs  from  the 
bulk.  The  latter  might  be  explained  by  surface  segregations  of  the 
alloyed  nanoparticles,  which  in  turn  may  affect  the  catalytic 
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Fig.  6.  (A)  Cyclic  voltammetry  curves  of  Pt/C,  PtMn/C,  PtMnCu/C  and  PtMnCuX  (X  =  Fe,  Co,  Ni,  and  Sn)  alloys  electrocatalysts  in  0.5  M  H2S04  containing  0.17  M  ethanol,  (B)  is  (A) 
without  reverse  scan  normalized  per  g  of  Pt  and,  (C)  is  (A)  without  reverse  scan  normalized  by  ECSA.  Scan  rate  20  mV  s-1. 
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properties  of  the  alloys  [27,28].  For  example,  while  ICP  analysis  of 
PtMnMoSn/C  point  to  a  low  bulk  Pt  content  (14%);  XPS  reveals 
a  high  surface  Pt  content  (27%).  This  indicates  that  PtMnMoSn/C 
nanoparticles  are  Pt  rich  at  the  surface.  The  latter  may  significantly 
affect  the  catalytic  properties  of  PtMnMoSn/C. 

3  A  A.  Electrochemical  characterization 

Fig.  4  displays  the  cyclic  voltammetry  curves  in  0.5  M  H2SO4 
obtained  for  two  series  of  the  synthesized  quaternary  alloys 
PtMnCuX/C  (X  =  Fe,  Co,  Ni,  and  Sn)  (Fig.  4A)  and  PtMnMoX/C 
(X  =  Fe,  Co,  Ni,  Cu  and  Sn)  (Fig.  4B).  Also  is  shown  the  binary  PtMn/C 
and  the  ternary  alloys  PtMnCu/C  and  PtMnMo/C  precursors.  While 
the  PtMnCuX/C  (X  =  Fe,  Co,  Ni,  and  Sn)  catalysts  series  show  more 
or  less  similar  charge  in  the  hydrogen  adsorption  region  as  well  as 
in  the  oxide  region  (Fig.  4A),  the  cyclic  voltammograms  of  the  series 
of  PtMnMoX/C  (X  =  Fe,  Co,  Ni,  Cu  and  Sn)  catalysts  illustrate  more 
variations  in  these  regions.  This  is  consistent  with  the  ICP  data 
(Table  1),  where  more  significant  variations  in  the  Pt  amounts 
between  the  catalysts  can  be  noticed  for  the  Mo  than  Cu  based 
quaternary  alloys,  which  are  also  confirmed  by  XPS  of  some  of  the 
analyzed  catalysts.  The  cyclic  voltammograms  of  the  two  series  of 
quaternary  alloys  catalysts  were  subjected  to  cycling  is  0.5  FI2SO4 
for  at  least  400  cycles.  Fig.  5  displays  typical  examples  of  how  the 
cyclic  voltammetry  curves  of  some  of  the  quaternary  catalysts  after 
repetitive  cycles.  Fig.  5A  depicts  a  slight  increase  in  the  hydrogen 
adsorption  region  for  PtMnCuNi/C  after  200  cycles.  This  suggests  an 
increase  in  the  surface  of  Pt  in  PtMnCuNi/C  after  200  cycles,  which 


might  be  due  a  slight  corrosion  of  the  catalyst  after  cycling  in 
sulfuric  acid.  This  is  not  surprising  since  similar  observations  have 
been  reported  elsewhere  for  Pt  alloys  such  as  PtNi/C  and  PtCu/C 
[46-49].  On  the  other  hand,  it  is  found  that  the  Mo  based  quater¬ 
nary  alloys  overall  show  better  stability  compared  to  Cu  based 
quaternary  catalysts.  As  depicted  especially  in  Fig.  5C  and  5D  for 
PtMnMoCo/C  and  PtMnMoCu/C,  no  significant  change  in  the  shape 
or  form  of  the  cyclic  voltammograms  can  be  noticed  after  400 
cycles.  This  indicates  a  minimal  corrosion  rate  of  these  series  of 
alloys  in  sulfuric  acid  despite  their  high  content  with  non-Noble 
metals.  The  latter  maybe  related  to  presence  of  Mo,  even  in  small 
amounts,  in  the  catalysts  which  confers  a  better  stability  to  the 
quaternary  alloy. 

4.  Catalytic  activity  of  the  quaternary  alloys  PtMnCuX/C 
(X  =  Fe,  Co,  Ni,  and  Sn)  and  PtMnMoX/C  (X  =  Fe,  Co,  Ni,  Cu 
and  Sn)  towards  ethanol  oxidation 

The  activity  of  the  two  series  of  Cu  and  Mo  based  quaternary 
alloys  catalysts  towards  ethanol  oxidation  with  respect  to  ternary, 
binary  and  Pt/C  is  shown  in  Figs.  6A  and  7A,  respectively.  It  can  be 
seen  that  for  both  series  of  quaternary  alloys  PtMnCuX/C  (X  =  Fe, 
Co,  Ni,  and  Sn)  and  PtMnMoX/C  (X  =  Fe,  Co,  Ni,  Cu  and  Sn),  an 
increase  in  the  electrocatalytic  activity  can  be  observed  with 
respect  to  ternary  alloys  precursors  PtMnCu/C  and  PtMnMo/C, 
respectively.  Furthermore,  contrary  to  the  Sn  based  catalyst 
PtMnSn/C  reported  previously  that  showed  a  very  moderate 
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Fig.  7.  (A)  Cyclic  voltammetry  curves  of  Pt/C,  PtMn/C,  PtMnMo/C  and  PtMnMoX/C  (X  =  Fe,  Co,  Ni,  Cu  and  Sn)  catalysts  in  0.5  M  H2S04  containing  0.17  M  ethanol,  (B)  is  (A)  without 
reverse  scan  normalized  per  g  of  Pt  and,  (C)  is  (A)  without  reverse  scan  normalized  by  ECSA.  Scan  rate  20  mV  s-1. 
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catalytic  activity  [28],  Sn  based  quaternary  alloys  PtMnCuSn/C  and 
PtMnMoSn/C  seem  to  have  high  catalytic  activities.  The  latter  may 
have  to  do  with  the  particle  sizes  as  well  as  their  distribution  on  the 
supporting  carbon.  Whereas  agglomerations  have  been  observed 
with  PtMnSn/C  [28],  the  TEM  images  shown  in  Fig.  8  for  PtMnCuSn/ 
C  depict  little  agglomeration  with  well  dispersed  metal  particles  on 
the  carbon  support.  With  respect  to  grain  sizes,  it  can  be  seen  that 
most  particles  are  small  with  some  larger  nanoparticles,  which 
confirms  to  some  extent  the  results  of  the  grain  size  estimated  by 
XRD  (Table  1).  This  in  turn  confers  to  the  alloy  catalyst  a  better 
surface  to  volume  ratio,  thus  a  better  catalytic  activity. 

Figs.  6B  and  7B  compares  the  ethanol  oxidation  activities  of  the 
two  series  of  the  quaternary  alloys  catalysts  normalized  to  the 
amount  of  Pt  present  in  each  catalyst.  The  activities  towards 
ethanol  oxidation  of  the  Cu  and  Mo  based  quaternary  alloys  cata¬ 
lysts  normalized  per  g  of  Pt  estimated  at  0.5  V  are  listed  in  Table  2, 
with  respect  to  the  catalysts  precursors  Pt/C,  PtMn/C  and  ternary 
PtMnCu/C  and  PtMnMo/C  for  each  series.  It  can  be  noticed  that  all 
the  alloy  catalysts  display  higher  catalytic  activities  than  Pt/C  and 


m 


Table  2 

Summary  of  the  synthesized  alloys  and  their  normalized  relative  activities  to  pure 
Pt/C,  binary  PtMn/C,  and  ternary  alloys  PtMnCu/C  and  PtMnMo/C  precursors  for  each 
series  estimated  at  0.5  V  and  the  corresponding  onset  potential  for  ethanol  oxidation 
(Data  taken  from  Figs.  6B  and  7B). 


Synthesized 

catalyst 

Normalized 

activity 

(A/gPt) 

Relative 
activity  to 
pure  Pt 

Relative 
activity  to 
PtMn/C 

Relative 
activity  to 
(PtMnCu/C)/ 
(PtMnMo/C) 

Onset 

potential 

Pt/C 

17.31 

1 

0.18 

0.06 

0.328 

PtMn/C 

91.45 

5.28 

1 

0.32 

0.402 

Cu  based 
catalysts 

PtMnCu/C 

279.01 

16.11 

3.05 

1 

0.284 

PtMnCuFe/C 

432.09 

24.96 

4.72 

1.54 

0.236 

PtMnCuCo/C 

312.22 

18.03 

3.41 

1.11 

0.272 

PtMnCuNi/C 

326.2 

18.84 

3.56 

1.16 

0.232 

PtMnCuSn/C 

320.37 

18.50 

3.50 

1.14 

0.239 

Mo  based 
catalysts 

PtMnMo/C 

145.62 

8.41 

1.59 

1.00 

0.227 

PtMnMoFe/C 

213.58 

12.33 

2.33 

1.46 

0.167 

PtMnMoCo/C 

357.26 

20.63 

3.09 

2.45 

0.142 

PtMnMoNi/C 

190.28 

10.99 

2.08 

1.30 

0.148 

PtMnMoCu/C 

159.21 

9.19 

1.74 

1.09 

0.224 

PtMnMoSn/C 

310.66 

17.94 

3.39 

2.13 

0.059 

PtMn/C.  Also,  the  relative  activity  of  the  quaternary  alloys 
PtMnCuX/C  (X  =  Fe,  Co,  Ni,  and  Sn)  and  PtMnMoX/C  (X  =  Fe,  Co,  Ni, 
Cu  and  Sn)  increased  compared  to  the  ternary  alloys  PtMnCu/C  and 
PtMnMo/C.  From  Table  2,  it  can  be  seen  that  the  catalytic  activity 
increases  in  the  following  order:  PtMnCuFe/C  >  PtMnCuNi/ 
C  >  PtMnCuSn/C  >  PtMnCuCo/C  for  the  Cu  based  quaternary  alloys 
and  PtMnMoCo/C  >  PtMnMoSn/C  >  PtMnMoFe/C  >  PtMnMoNi/ 
C  >  PtMnMoCu/C  for  the  Mo  based  quaternary  catalysts.  Table  2, 
also  displays  that  compared  to  binary  PtMn/C,  the  Cu  based 
quaternary  catalysts  overall  perform  higher  relative  activities 
compared  to  Mo  based  quaternary  catalysts.  The  nature  of  the  co¬ 
catalyst  present  in  the  alloy  as  well  as  surface  segregations  prop¬ 
erties  would  be  the  main  reason  for  the  observed  enhanced  cata¬ 
lytic  activities  [25,26].  Table  2  reveals  that  incorporation  of  a  fourth 
metal  in  each  ternary  alloy  PtMnCu/C  and  PtMnMo/C  influences  not 


Table  3 

Summary  of  the  synthesized  alloys  and  their  normalized  relative  activities  to  pure 
Pt/C,  binary  PtMn/C,  and  ternary  alloys  PtMnCu/C  and  PtMnMo/C  precursors  for  each 
series  estimated  at  0.5  V  by  taking  into  account  ECSA  (Data  taken  from  Figs.  6C  and 
7C). 


Synthesized 

catalyst 

Normalized 
activity 
(mA  cm-2) 

Relative 
activity  to 
pure  Pt 

Relative 
activity  to 
PtMn/C 

Relative 
activity  to 
(PtMnCu/C)/ 
(PtMnMo/C) 

Pt/C 

3.3 

1 

0.62 

0.24 

PtMn/C 

5.3 

1.60 

1 

0.39 

Cu  based  catalysts 

PtMnCu/C 

13.3 

4.03 

2.50 

1 

PtMnCuFe/C 

51.5 

15.06 

9.71 

3.87 

PtMnCuCo/C 

18.0 

5.45 

3.39 

1.35 

PtMnCuNi/C 

31.0 

9.39 

5.84 

2.33 

PtMnCuSn/C 

26.3 

7.96 

4.96 

1.97 

Mo  based  catalysts 

PtMnMo/C 

11.3 

3.42 

2.13 

1.00 

PtMnMoFe/C 

12.1 

3.66 

2.28 

1.07 

PtMnMoCo/C 

44.9 

13.60 

8.47 

3.97 

PtMnMoNi /C 

17.0 

5.15 

3.20 

1.50 

PtMnMoCu/C 

17.4 

5.27 

3.28 

1.53 

PtMnMoSn/C 

43.4 

13.15 

8.18 

3.84 

Fig.  8.  TEM  images  of  PtMnCuSn/C. 
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Fig.  9.  (A)  Current  density  time  curves  at  +0.6  V  in  0.5  M  H2S04  containing  0.17  M  ethanol  of  Pt/C,  PtMn/C  and  PtMnCu/C  and  PtMnCuX/C  (X  =  Fe,  Co,  Ni  and,  Sn)  and,  (B)  is  (A) 
normalized  by  ECSA.  (C)  Current  density  time  curves  at  +0.6  V  in  0.5  M  H2SO4  containing  0.17  M  ethanol  of  Pt/C,  PtMn/C,  PtMnMo/C  and  PtMnMoX/C  (X  =  Fe,  Co,  Ni,  Cu  and  Sn) 
alloys  catalysts  and,  (D)  is  (C)  normalized  by  ECSA. 


only  the  catalytic  current  efficiencies  towards  ethanol  oxidation, 
but  also  the  onset  potentials.  Table  2  depicts  that  compared  to  the 
ternary  alloys  precursors  PtMnCu/C  and  PtMnMo/C,  all  the 
quaternary  alloys  display  a  shift  in  the  onset  potential  towards  less 
positive  values.  The  magnitude  of  the  shift  depends  on  the  alloy 
composition  and  the  recorded  gains  in  potentials  are  higher  with 
Mo  compared  to  Cu  based  quaternary  alloys.  Precisely,  60,  85,  79,  3 
and  168  mV  are  the  gains  in  potentials  recorded  with  respectively 
PtMnMoF  e/C,  PtMnMoCo/C,  PtMnMoNi/C,  PtMnMoCu/C  and 
PtMnMoSn/C  versus  48,  12,  52  and  45  mV  for  PtMnCuFe/C, 
PtMnCuCo/C,  PMnCuNi/C  and  PtMnCuSn/C,  respectively.  This 
means  that  ethanol  electrooxidation  is  facilitated  and  needs  less 
overpotentials  with  the  quaternary  alloys  with  respect  to  the 
ternary  alloy  precursors  PtMnCu/C  and  PtMnMo/C,  respectively. 
The  latter  may  be  related  to  modification  of  the  electronic  struc¬ 
tures  of  the  new  catalysts,  which  facilitate  C-C  bond  breaking  and 
hence  a  better  ethanol  oxidation  [50]. 

Figs.  6C  and  7C  are  Figs.  6A  and  7  A  normalized  to  the  ECSA  of 
each  catalyst.  The  catalytic  efficiencies  of  the  catalysts  towards 
ethanol  oxidation  normalized  to  ECSA  are  gathered  in  Table.  3. 
Overall,  by  taking  ECSA  into  consideration,  the  quaternary  alloys 
still  depict  higher  catalytic  efficiencies  compared  to  the  ternary 
precursors. 

The  superior  performance  of  the  quaternary  alloys  with  respect 
to  the  ternary,  binary  and  Pt/C  precursors  are  also  reflected  in  the 
chronoamperometry  measurements  shown  in  Fig.  9A  and  C  for 


respectively  for  Cu  and  Mo  based  quaternary  alloys.  Fig.  9B  and  D 
are  Fig.  9A  and  C  normalized  to  the  ECSA.  In  all  current-time 
curves  there  is  an  initial  current  drop  during  the  first  500  s  fol¬ 
lowed  by  a  relatively  slower  decay,  but  the  currents  obtained  with 
the  quaternary  alloys  of  both  Cu  and  Mo  based  series  are  overall 
higher  than  those  obtained  with  the  ternary  alloys,  binary  PtMn/C 
and  Pt/C  consistent  with  the  results  of  Figs.  6  and  7.  Fig.  9  also 
reveals  that  overall  Mo  based  quaternary  alloys  show  better 
stability  in  0.5  M  H2S04  containing  0.17  M  ethanol  compared  to  Cu 
based  quaternary  alloys  because  stabilization  of  the  current  occurs 
more  quickly  and  last  for  long  period  of  time.  Flowever,  the 
currents  obtained  with  Mo  based  catalysts  are  overall  lower  than 
those  obtained  with  Cu  based  quaternary  series  consistent  also 
with  the  results  of  cyclic  voltammetry  of  Figs.  6  and  7.  The  stability 
of  the  alloys  in  sulfuric  acid  and  in  presence  of  ethanol  was  further 
tested  by  cyclic  voltammetry  and  typical  examples  are  shown  in 
Fig.  10.  A  decrease  in  the  current  intensities  can  be  noticed  after 
200  cycles  for  PtMnCuCo/C  and  PtMnMoCu/C.  The  latter  might  be 
related  either  to  corrosion  of  the  catalysts  after  200  cycles  or 
simply  to  a  decrease  in  the  concentration  of  ethanol  because  of  its 
continuous  oxidation  during  200  cycles.  On  the  other  hand, 
Fig.  10C  depicts  that  even  with  pure  Pt/C,  similar  reductions  in  the 
current  intensities  are  obtained  after  200  cycles.  Therefore,  we 
conclude  that  stability  of  the  quaternary  alloys  are  comparable  to 
that  of  Pt/C,  of  which  the  degradation  mechanisms  are  well  known 
to  some  extent  [40]. 
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Fig.  10.  Cyclic  voltammograms  of  PtMnCuCo/C  (A),  PtMnMoCu/C  (B)  and  Pt/C  (C)  over  200  cycles  in  0.5  M  H2S04  containing  0.17  M  ethanol. 


5.  Conclusions 

Two  series  of  quaternary  alloys  PtMnCuX/C  (X  =  Fe,  Co,  Ni,  and 
Sn)  and  PtMnMoX/C  (X  =  Fe,  Co,  Ni,  Cu  and  Sn)  have  been 
synthesized  and  characterized  by  ICP,  XRD,  XPS,  TEM  and  cyclic 
voltammetry.  XRD  spectra  of  each  series  illustrated  that  PtMnCuX/ 
C  (X  =  Fe,  Co  and  Ni)  and  PtMnMoX/C  (X  =  Fe,  Co,  Ni  and  Cu)  alloys 
have  been  formed  without  significant  free  Mn,  Cu,  Mo  or  X  co¬ 
catalysts.  For  PtMnCuSn/C  and  PtMnMoSn/C,  in  addition  to  alloy 
formation,  significant  free  Sn-oxides  are  present  in  each  catalyst. 
Cyclic  voltammetry  and  chronoamperometry  revealed  that  all 
quaternary  alloys  showed  superior  electrocatalytic  activity  towards 
ethanol  oxidation  compared  to  the  ternary  precursor.  A  shift  of  the 
onset  potential  of  ethanol  electrooxidation  towards  less  positive 
values  were  also  recorded  with  the  quaternary  alloys,  demon¬ 
strating  a  facilitated  oxidation  with  the  quaternary  alloys  compared 
to  ternary  alloy  precursor.  The  magnitude  of  the  gain  in  potential 
depends  on  the  alloy  composition.  PtMnMoSn/C  was  found  to  be 
the  best  of  all  synthesized  quaternary  alloys  with  an  onset  potential 
of  ethanol  oxidation  of  only  0.059  V  vs.  Ag/AgCl.  Overall,  incorpo¬ 
ration  of  a  fourth  metal  in  the  ternary  PtMnCu/C  and  PtMnMo/C 
leads  to  quaternary  alloys  with  better  catalytic  activity  towards 
ethanol  oxidation. 
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